3
Griffiths singularity can help to identify the role of disorder in superconducting systems and hopefully may provide clues to a generalized theoretical framework for disordered QPTs.
Here we report the observation of quantum Griffiths singularity at superconducting LAO/STO(110) 2DEG interface. QPT from a superconductor to a weakly metal is driven by perpendicular magnetic field.
The conventional power-law scaling is replaced by activated scaling, and the dynamical exponent z diverges upon approaching the transition. An unconventional quantum critical behavior associated to quantum Griffiths singularity is deduced and infinite randomness quantum critical points are further concluded. Figure 1a , the temperature dependence of resistance at zero magnetic field reveals the interface is superconducting with superconducting transition temperature ≈ 0.123 and ≈ 0.711 , respectively. is identified as the temperature at which the R drops beyond the measurement limit, while is identified as the temperature where the R(T) firstly deviated from its linear dependence at high temperature (see the inset of Figure 1a ). With increasing magnetic field, the superconductivity is suppressed, the system gradually becomes weakly insulating. The isomagnetics R(T) shows that resistance changes very slightly at the ultralow temperatures with a critical field (around 0.417 T) that separates two regimes, as shown in Figure 1b . As the signature of B-driven SMT, the magnetoresistance R(B) measured at different temperatures crosses each other at around 0.385 T with an uncertainty of 0.05 T, as shown in Figure   1c . Previous studies have shown a SIT occurs in LAO/STO(001) system induced by magnetic field or charge density 11, 12 .
The crossing of the magnetoresistance isotherms happens in a well distinguished region rather than a single point in the magnetic field, as shown in Figure 1c . The information of crossing allows a systematically investigation of the critical behavior, which was done through careful measurements of the R versus B in temperature from 0.020 K to 0.650 K. As shown in Figure 2 , a series of crossing points are observed.
Crossing points of R(B) isotherms at every two adjacent temperatures as a function of T is shown in the inset of Figure 2 (blue dots),which form a roughly linear line. The R plateaus extracted from R(T) curves are shown as green squares, at which the dR/dT changes sign for a given magnetic field. The crossing points are well consistent with R plateaus. Besides, we note that the magnetoresistance curves cross at a finite field up to 0.650 K. It is reasonable since in our LAO/STO(110) samples superconductivity emerges at relatively high temperature ( ≈0.711 K, inset of Figure 1a ).
In order to gain more information about the phase transition, the finite-size scaling (FSS) analyzing procedure of the critical regime is required. The resistance takes from the scaling form 24, [26] [27] [28] , can apply to a variety of systems including the quantum random transverse field Ising model 21, 22, 34 . In recent, some experimental signatures related to quantum Griffiths singularity been reported [35] [36] [37] [38] [39] [40] . On the microscopic level, this quenched disorder introduces large rare regions, which can locally ordered in one phase and further influence the scaling behavior. The above mentioned theoretical results can also be applied to SMT systems with clean critical exponent = 1/2, in which the Harris criterion is certainly violated under quenched disorder 33, 41 .
For the SMT at the LAO/STO(110) interface, we find the critical exponent zv diverges at the ultralow temperature limits and we attribute such an unconventional quantum critical behavior to the effect of quenched disorder 16, 17, 21, 22, 42 . In the superconducting 2DEG at LAO/STO(110) interface, there is a transition from a clean (zv 1) to a dirty limit (Figure 3 ). The scaling exponent zv diverges rapidly upon approaching QCP, which is consistent with the activated scaling behavior. When approaching the quantum critical point, the effect of quenched disorder overtakes the thermal fluctuations, and results in large local superconducting islands in which the dynamics is frozen. At low temperatures, these superconducting islands couple each other via long-range Josephson coupling, thus global superconductivity emerges. While at high temperature, the thermal fluctuations smear the inhomogeneity induced by quenched disorder. In all, the accordance of experimental observation and theoretical expectation suggests the SMT at LAO/STO interface is of the infinite randomness type.
Recently, the direct evidence of quantum Griffiths singularity was observed in a thin film superconducting system 24 . In Ga film, an anomalous upturn of upper "critical field" when approaching zero temperature was observed. While for our LAO/STO interface, we did not observe the pronounced "tail" at ultralow temperatures (inset of Figure 2 ). One possible reason for the absence of this extended phase boundary is due to the ultralow superconducting transition temperature of this interface superconductor, which is one order of magnitude lower than that of Ga film (~3.62 K). In Ga film, the temperature at which the critical exponent diverges is ultralow (~0.075 K) 24 . If simply comparing the results in LAO/STO interface with that of Ga film, the pronounced "tail" should be expected to emerge at lower temperature (~0.025 K).
Actually, a crossover-like behavior is observed at 0.030 K for our LAO/STO interface. However, the lowest electron temperature we had is 0.020 K. Hence, it is hard to observe the obvious extended phase boundary at the LAO/STO(110) interface.
In conclusion, we have shown a SMT in the superconducting 2DEG at (110)-orientation LAO/STO interface. The diverging dynamic critical exponent is consistent with quantum Griffiths singularity.
Diverging dynamic critical in 2DEG provides new evidence of quantum Griffiths singularity in addition to that in Ga thin film, hinting that different superconducting systems can be possibly treated within a uniform theoretical framework. the activated scaling behavior. As we can see, the critical exponent diverges at low temperature. Thus, the quantum Griffiths singularity is also observed for V G = 60 V.
